INTRODUCTION
The tetrahedral antenna was proposed as a result of a ,general requirement for an easily deployable radar ]transmitting element radiating efficiently in the HF :range (3 -30 MHz). ' The tetrahedral antenna is a development of the lbiconical antenna in common use in the VHFNHF \bands. The two conical halves are held coaxially with ;apices adjacent at the feed point, forming a dipole. The lbicone operates satisfactorily over a wide frequency irange with a typical impedance of 200 -300Q, the lower end o f the band occurring at a frequency where ithe antenna is approximately a wavelength long. At lower frequencies the bicone operates satisfactorily but .with a lower impedance, and its resistance at its lowest resonant frequency is of the order of 50R. ' The tetrahedral antenna uses, instead of cones, two ,tetrahedra, each made of six tubular elements or rods. .For convenience, all 12 rods are of the same length, and ,the tetrahedra are then regular. Since the driving factor in designing HF antennas is to reduce their physical :size, the antenna is operated at or below its lowest :resonant frequency. It is shown below that this occurs where the antenna is approximately a quarter wavelength long. The novel property of the tetrahedral .antenna is that it operates very near the ground, unlike the conventional bicone which is mounted at a remote height above ground. The antenna is positioned with its axis vertical and the lower half of the antenna may be stood on insulating blocks which can hold it rigidly. A novel arrangement of insulated ropes is attached 'connecting the three upper and three lower corners of the antenna. This ensures that the antenna is selfsupporting, provided that the three lower corners are anchored adequately.
The conventional means of transmitting vertically polarised waves is to use either a quarter-wave monopole or a half-wave dipole. The monopole is fed against ground (i.e. the ground is one of the two terminals forming the antenna port), and this necessitates a system of wires in the ground to improve its conductivity so as to reduce resistive power loss. The dipole, while not requiring ground wires, is at least twice as high as a monopole. T o transmit at 7 MHz, the typical monopole is 10 m high and the conventional dipole 20 m high plus a small amount necessary to insulate it from the ground. The tetrahedral antenna provides the combined advantages of the monopole (small height) and the dipole (no wires in the ground).
In its groundwave radar application the antenna is installed as close as possible to the high water mark on a coastal site. Some ground wires, not necessarily directly underneath the antenna, may be required, as with other antenna types, to maintain lossless groundwave propagation to the water's edge.
A further advantage of the tetrahedral antenna is its bandwidth, defined as the fractional frequency range within which the match is better than some given value.
The tetrahedral antenna has a bandwidth of around 30% at an SWR of 2:1, and this compares with 10 -15% for typical monopoles or dipoles.
A further advantage of the tetrahedral antenna relates to its use for HF radar, in which phase-noise resulting from physical movement of the antenna in windy conditions is tiightly specified. The centre of the antenna, where the current is at a maximum, is rigidly held in place by the elements of the lower half. This may be compared with conventional antennas which may require multiple guying to meet phase-noise slpecifications.
In practice the antenna is made with two small plates at the centre to which the six rods are attached. The plates form a sandwich with a dielectric separator. A coaxial connector is mounted on the lower plate with its inner conductor connected via braiding to the upper plate. A coaxial cable is attached which hangs vertically and then lies horizontally along the ground. Any currents induced in the outer surface of the coaxial conductor will decay rapidly in the horizontal section, and are not expected to degrade the performance. 
MPARISOIV BETWEEN DIPOLES AND MONOPOLES
The near-field behaviour of vertical dipoles and monopoles is compared in Figure 2 which shows the Eand H-fields at ground level (assuming perfect ground) around a dipole and a monopole. The monopole is a quarter-wavelength high and the dipole is a halfwavelength high with the lower end at a height of 0.05 wavelength. The four fields are normalised so that all are equal in the far field region. It can be seen that the tangential H-field, which is numerically equal and orthogonal to the surface current density, is considerably less for a dipole even when the lower end of the antenna is quite near the ground. The implication is that energy losses from horizontal radial earth currents in the vicinity of the antenna are much lower for the vertical dipole.
Other energy losses in a lossy earth are produced by current flow induced by the vertical E-field near the antenna as decribed by Watt [l] . Figure 2 shows that the vertical dipole is marginally worse in this respect. Overall the dipole is superior to the extent that it is possible to dispense with an earth mat. This might result in a small loss of gain, whilst a monopole would
INPUT IMPEDANCE MEASUREMENTS
The input impedance of the prototype shown in Figure  1 was measured with the antenna standing on dry grass. Figure 3 shows the return loss plotted against frequency (curve A). A return loss of 9.54 dB corresponds to an swr of 2: 1, which is the figure normally used to specify bandwidth for low to medium power hf transmitting antennas. Thus the bandwidth for a 9.5 dB return loss can be seen to be 5 MHz.
Since the impedance at resonance was found to be rather more than 50R, the results were also plotted on the assumption of a 75R system impedance. This is shown in curve B, and the bandwidth for a 2: 1 swr can be seen to be 8MHz, which is 34% of the resonant frequency.
The antenna was also tested in a slightly raised position with the lower elements at a height of approximately 0.5m. This had the effect of raising the frequency of maximum return loss from 22.5 to 26.1MHz, an increase of 16%. At 22.5MHz the measured input impedance was 684 14!2 with the antenna in the normal position, and 42-j32R in the raised position. Thus raising the antenna reduced the input resistance and increased the capacitive reactance.
The use of series inductance to lower the resonant frequency was tested. Figure 4 shows the return loss measured with a lpH coil connected, and it can be seen that the resonant frequency is 15.5 MHz, with a 9.5 dB return-loss bandwidth of 2.7MHz. The curve shows interference caused by external signals in the broadcast bands.
FIELD MEASUREMENTS
The field was measured at ground level at points along a radial line from a point directly under the centre of the antenna, at distances of up to 60m. Measurements were carried out along two separate radials, and at several frequencies. At each frequency a series inductor was connected, if required, to resonate the antenna. The forward and reverse power in the feeder were monitored close to the antenna, and their difference was used as a measure of power input to the antenna. The same quantities are shown computed by the NEC4.1 code in Figure 7 , with the ground characterised by a conductivity of 3mS/m and a relative permittivity of 15. It can be seen that good agreement is evident at 22 MHz, while at 15 MHz the measured field curve shows a constant offset of 1 to 2 dB downwards. This can be interpreted as a power loss in the antenna, caused probably by eddy current losses associated with the tuning coil, which are difficult to quantify by any other means. This effect became more marked at lower frequencies, with a loss of 5 to 8 dB apparent at 7 MHz. Notwithstanding these results, the antenna was used for two-way contacts with several countries on all amateur bands from 7 to 24 MHz.
Interpretation of the results in order to provide an estimate of radiation efficiency is difficult. When the propagation medium is lossy the conventional definition of gain used at vhf and higher frequencies is inapplicable when applied strictly.
However, an estimate of efficiency is essential for system calculations.
The measured field was less than would be expected with a perfect short monopole over perfect ground. At 22MHz the propagation loss over the ground considered is predicted from the Norton formula [2] to be 8.5dB at 50m. It can be seen from Figure 5 that at 50m the difference between the measured field and the perfect-ground theoretical line is of the same order as the predicted propagation loss, and on this basis it can be stated that the antenna has 100% radiation efficiency.
CONCLUSIONS
The results show that this antenna is an efficient radiator of vertically polarised waves at frequencies at which it is approximately a quarter-wavelength high, without the need for an earth mat. Measurements showed an input swr of better than 2:l within a band of 34% around the resonant frequency. It was found that the resonant frequency could be reduced by the addition of a tuning coil, with a small reduction in gain, the height then being one sixth of a wavelength.
Although intended for use in hf radar, this antenna is suitable for communications use and is believed to be particularly useful for frequency-hopping systems.
The antenna is the subject of British Patent Application 95 13621.4.
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